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Introduction {#sec001}
============

The development and progression of pulmonary emphysema is characterized by tissue destruction, uncontrolled elastase activity, alveolar apoptosis, reduced alveolar capillary density and altered extracellular matrix (ECM) mechanics \[[@pone.0145115.ref001]--[@pone.0145115.ref005]\]. Vascular endothelial growth factor-A (herein referred to as, VEGF) is critical for maintenance of the pulmonary capillary bed, with increased or decreased VEGF being associated with disease \[[@pone.0145115.ref006]--[@pone.0145115.ref009]\]. Specifically, reduced VEGF and VEGF receptor 2 (VEGFR2) and endothelial cell apoptosis have been linked to the tissue destruction associated with pulmonary emphysema \[[@pone.0145115.ref010]--[@pone.0145115.ref013]\]. Thus, vascular dysfunction is a crucial component of the development and progression of emphysema, with VEGF being central to this process.

We have previously found that VEGF is a substrate for neutrophil elastase (NE) cleavage leading to the generation of a VEGF fragment (VEGFf) that shows altered activity. Namely, it binds VEGFR1 and has lost the ability to bind to VEGFR2, the VEGF co-receptor, neuropilin-1 (Nrp1), and fibronectin and heparan sulfate in the ECM \[[@pone.0145115.ref014], [@pone.0145115.ref015]\]. Mass spectrometry analysis of VEGFf shows that NE cleaves the N- and C-termini as well as internal regions that likely lead to loss of the structural motif involved in VEGFR2 binding \[[@pone.0145115.ref015]\]. NE has been implicated in the generation of emphysema and has been shown to participate in pathologies such as arthritis, aneurysms, atherosclerosis and other chronic conditions related to alterations in structural tissues. In all these diseases there is a significant vascular component associated with endothelial cell dysfunction. VEGF is a critical factor for endothelial cell survival in various tissues including but not limited to pulmonary and vascular systems. Interestingly, VEGF has been considered a potent promoter of vascular and myocardial repair \[[@pone.0145115.ref016]--[@pone.0145115.ref018]\]. Therefore, it is possible that NE and VEGF may interact to play roles in chronic disorders, where proteolytic degradation of the ECM by NE might impact VEGF storage and release. For instance, VEGF release from extracellular matrices might regulate inflammatory and progenitor cell recruitment and activity, modulating inflammatory response and potentially mediating tissue repair.

NE is also known to modulate the activation of platelets, promoting aggregation and augmenting both thrombosis and fibrinolysis by cleavage of clothing factors and their inhibitors \[[@pone.0145115.ref019]\]. NE has also been implicated in vascular plaque development \[[@pone.0145115.ref020], [@pone.0145115.ref021]\] where a subpopulation of plaque macrophages appear to express NE that participates in cytokine activation and the consequent migration of macrophages, influencing plaque stability. These findings suggest that excessive proteolysis by unregulated NE may play a broad role in modulating inflammatory processes through mechanisms that are independent of its ability to degrade elastin.

There are few studies evaluating the direct relationship between NE and VEGF. An interesting potential link between VEGF and the classic elastase:antielastase hypothesis is that VEGF is stored within the ECM. Thus, elastase injury to the ECM is likely to have an impact on storage, release, and activity of VEGF. We investigated the potential link between NE-mediated injury and the VEGF pathway. We show the NE-injury of VEGF-rich matrices leads to enhanced migration of RAW264.7 macrophages and embryonic endothelial progenitor cells (eEPCs) through the action of VEGFf. These findings suggest a new mechanism where the repair of tissue injured by excessive elastolysis might involve not only nascent activities of growth factors but also new activities generated by direct cleavage of growth factors during the tissue injury process.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

Human recombinant VEGF-A~165~ produced in *Spodoptera frugiperda* cells from R&D Systems (Minneapolis, MN) was used for all experiments. VEGF is highly conserved across all species used in this study (bovine, rat, mouse) with no known distinctions in activity in cells from these species \[[@pone.0145115.ref022], [@pone.0145115.ref023]\]. Recombinant human TNF-α, Quantikine human VEGF immunoassay enzyme-linked immunosorbent assays (ELISAs), recombinant human Fc-VEGFR2 chimera and Fc-VEGFR1 chimera were purchased from R&D systems (Minneapolis, MN). Bovine serum albumin (BSA) was obtained from American Bioanalytical (Natick, MA). RPMI-1640 low glucose media was purchased from Lonza Walkersville (Walkersville, MD). Dulbecco's Modified Eagle's media (DMEM), phosphate buffered saline (PBS) containing no Ca^2+^ and Mg^2+^, penicillin/streptomycin, L-glutamine, N-(2-hydroxyethyl) piperazine-N'-2-ethanesulfonic acid (HEPES) and trypsin-EDTA were obtained from Invitrogen (Carlsbad, CA). Calf serum (CS) and fetal bovine serum (FBS) were purchased from Hyclone (Logan, UT). Human NE and VEGFR kinase inhibitor III (SU5416) were purchased from Calbiochem (San Diego, CA). NE was obtained from Elastin Products (Owensville, MO).

Preparation of VEGFf {#sec004}
--------------------

VEGFf was prepared by digesting intact VEGF-A~165~ with NE \[[@pone.0145115.ref014], [@pone.0145115.ref015]\]. Briefly, recombinant human VEGF-A~165~ (10 μg) was reconstituted in 100 μl of 44 mM sodium bicarbonate, pH 7.4 containing 2 μg of NE. Samples were allowed to incubate for 30 min at 37°C and the reaction was terminated by adding the irreversible NE inactivator diisopropyl fluorophosphate (DFP) to a final concentration of 1 μM. Samples were then dialyzed overnight using 10 kDa molecular weight cut off tubing against 20,000 volumes of PBS at 4°C to remove DFP. Intact VEGF was mock treated in parallel with the exception that NE was left out during the initial incubation. After dialysis, VEGFf and intact VEGF concentrations were measured using a quantitative ELISA kit from R&D Systems. Mock treated VEGF and VEGFf were aliquoted and stored at -80°C until use. Under these conditions \>98% of intact VEGF is digested to VEGFf by NE \[[@pone.0145115.ref014], [@pone.0145115.ref015]\].

Cell Culture {#sec005}
------------

Bovine aortic endothelial (BAE) cells (passage 5--15) were maintained in low-glucose DMEM, supplemented with 10% CS, 5 mM L-glutamine, 100 U/ml penicillin G, and 100 μg/ml streptomycin sulfate. BAE cells were originally isolated from fresh aortas of 3--4 week old calfs by subjecting the luminal surface of the aorta to collagenase digestion \[[@pone.0145115.ref024]\]. Mouse macrophage/monocyte RAW 264.7 cells were a gift from Alfred Tamayo and were propagated in RPMI-1640 with 5 mM L-glutamine, 10% heat-inactivated FBS, 100 U/ml penicillin G, and 100 μg/ml streptomycin sulfate \[[@pone.0145115.ref025]\]. These cells were originally isolated from the ascites of mice bearing an Abelson leukemia virus-induced tumor \[[@pone.0145115.ref025]\]. FBS was inactivated by heating for 30 min in a 56°C water bath, mixing every 10 min. Neonatal rat aortic smooth muscle cells (SMCs) were isolated from neonatal Sprague-Dawley rats, ages 1--3 days by collagenase and elastase digestion of minced aortic medial tissue as described \[[@pone.0145115.ref026]\], and maintained in low-glucose DMEM, with 10% FBS, 5 mM L-glutamine, 100 U/ml penicillin G, and 100 μg/ml streptomycin sulfate and 1% nonessential amino acids. NIH3T3 cells were grown in high glucose DMEM, with 10% FBS, 25 mM HEPES, 5 mM L-glutamine, 100 U/ml penicillin G, and 100 μg/ml streptomycin sulfate. Embryonic EPCs were a generous gift from Antonis Hatzopoulos. These cells were originally isolated from E7.5 --E7.8 mouse embryos after trypsin/EDTA dissociation and cell plating on irradiated mouse embryonic fibroblasts followed by passaged on gelatin-coated plates as described \[[@pone.0145115.ref027]\]. Embryonic EPCs were grown in high glucose DMEM, with 10% heat inactivated FBS, 25 mM HEPES, 5 mM L-glutamine, 100 U/ml penicillin G, and 100 μg/ml streptomycin sulfate, 5 mM MEM non essential amino acids and 3.5 μl 2-mercaptoethanol.

Cell Proliferation {#sec006}
------------------

RAW 264.7 cells were seeded at 3,000 cells/well in 12-well plates. The next day media was changed to serum free media +/- various VEGF/VEGFf concentrations and the cells kept for an additional three days at 37^°^C. Cell number was determined with CyQuant-NF-cell proliferation kit (Invitrogen, Carlsbad, CA).

Cell Migration {#sec007}
--------------

Cell migration was measured using a modified Boyden Chamber technique \[[@pone.0145115.ref014]\]. We used 24-well Transwell^®^ Permeable Supports (Corning, NY) with migration inserts (5 or 8 μm pore size, 6.5 mm diameter). Serum starved BAE or RAW cells were plated onto the transwell inserts at a density of 100,000 cells/insert in serum-free medium, 25 mM HEPES, pH 7.5 and 0.05% Gelatin (v/v) and placed in 24-well plates containing binding buffer +/- chemoattractant (VEGF, VEGFf) at various concentrations. The assembled plate was placed at 37°C (5% CO~2~, humidified) for the duration of the migration time (2 h for BAE cells and 4 h for RAW cells). Once the migration time had finished, media from the lower and upper chambers were aspirated; migrated cells were washed once in PBS without Ca^2+^ and Mg^2+^ ions and the cells that had migrated to the other side of the membrane were fixed with 100% pre chilled methanol for 10 min. Cells were subsequently washed two times in PBS and the non migrated cells on the top side of the transwell membrane were swabbed using Q-tips. The migrated cells were then stained by incubating in 5 μg/ml propidium iodide in PBS (600 μl/well) for 10 min. Cells were subsequently washed two times in PBS and a microsurgery knife was used to cut out the transwell membrane. The membranes were placed on labeled glass slides with migrated cells facing up. A drop of Antifade Component A (Molecular Probes, Invitrogen, Carlbad, CA) was placed on top of each membrane and then covered with a glass cover slip. The coverslips were sealed to the glass slide with nailpolish. Images of migrated cells were captured by fluorescent microscopy at four to six separate non-overlapping fields/membrane at 100 x magnification. The migrated cells were counted using Image J NIH software. In experiments using EPCs, the procedure was the same as described above, with the following alterations: prior to the migration experiment EPCs were treated ± dibutyl cAMP (0.5 mM) for 48 hours in order to induce the cells to differentiate. The rest of the procedure remains as described above.

Generation of NIH3T3 Stably Overexpressing Recombinant Human VEGF~165~ {#sec008}
----------------------------------------------------------------------

Mammalian pCIneoVEGF plasmid containing full length recombinant human VEGF~165~ cDNA was used to overexpress VEGF in NIH3T3 cells. NIH3T3 cells were transfected with pCIneoVEGF using LipofectAMINE (Invitrogen, Carlsbad, CA). Stable NIH3T3-VEGF cells were selected using 500 μg/ml G418. A heterogenic pool of transfected cells were used for experiments. VEGF overexpression was analyzed by human VEGF ELISA and quantitative RT-PCR.

Real Time Polymerase Chain Reaction {#sec009}
-----------------------------------

Total RNA was extracted in 4 M guanidinium thiocyanate from cell cultures as described previously \[[@pone.0145115.ref028]\]. Genomic DNA was removed by incubation with RNase-free DNase I (M0303S; New England BioLabs) in the presence of RNase inhibitor. The RNA was annealed with oligo(dT) and random hexamer primers, and first-strand synthesis was carried out with MuLV reverse transcriptase. Negative controls were performed without reverse transcriptase. Real-time PCR was performed on ABI 7300 using ABI TaqMan gene expression assays. The cycling parameters were 50°C for 10 min, 95°C for 2 min, 45 cycles of 95°C for 15 sec, and 60°C for 1 min. Results were calculated using the ΔΔC~T~ method using 18S rRNA as the endogenous control \[[@pone.0145115.ref015]\].

Cell Migration in Co-Culture Systems {#sec010}
------------------------------------

RAW 264.7 and BAE Cell Migration in Co-culture with NIH3T3 or NIH3T3-VEGF Cells. On day 1, high or low VEGF producing NIH3T3 cells were seeded at 250,000 cells/ml in 24-well plates. On the second day, media was changed to serum free media and cells incubated for an additional day. In parallel, BAE and RAW 264.7 cells were seeded in P100 plates on day 1. On day 2 the media was changed to serum free and the cells were incubated overnight. Co-culture migration experiments were performed on day 3. Day 3: various NE concentrations were added to NIH3T3/VEGF cells and incubated at 37^°^C for 30 min. Subsequently NE was inhibited by the addition of α1-antitrypsin (α1-AT, generously provided by Dr. Phillip Stone, Department of Biochemistry, Boston University School of Medicine, Boston, MA) and cells incubated for an additional 30 min. In the mean time, RAW 264.7 or BAE cells were harvested and resuspended in serum free media (the same media that NIH3T3 cells were in) with 0.05% gelatin and 25 mM HEPES and seeded onto 5 μm pore size membrane inserts at 100,000 cells/insert. The inserts with BAE and RAW 264.7 cells were then placed on top of NIH3T3/VEGF cells +/- NE and α1-AT and the plate incubated at 37^°^C for the indicated period of time and the number of migrated cells determined as described in *Cell Migration* section.

RAW and BAE Cell Migration in Co-culture with Rat SMCs Kept under Hypoxia or Normoxia. These sets of experiments contain SMCs as the low or high VEGF producing cells. Rat SMCs were kept in culture for various periods. Three days before the co-culture migration experiment, one 24-well SMC plate was placed in a Galaxy 48R CO~2~ hypoxic incubator (Eppendorf North America, Hauppague, NY) set at 1% pO~2~ and the other plate was kept in normoxic conditions. On the second day media was changed to serum free media and the cells maintained for an additional day. Then, SMCs were treated with various NE concentrations for 30 min. NE was inhibited by the addition of α1-AT (100 μg/ml). Serum starved RAW or BAE cells were then plated on transwell inserts at 100,000 cells/insert in serum free media with 0.05% gelatin and 25 mM HEPES and placed on top of the SMC. In some instances Fc-VEGFR1/R2 chimeras (0.1 nM) were added to SMC +/- NE +/- α1-AT media for the duration of the co-culture migration to inhibit released VEGF/VEGFf.

Embryonic EPC cell migration in co-culture with rat SMCs kept under normoxia or hypoxia. Rat SMCs were kept in culture for various periods. Three days before the co-culture migration experiment, one 24-well SMC plate was placed in a hypoxic chamber (1% pO~2~) and the other plate was kept in normoxic conditions. On the second day media was changed to serum free media and the cells maintained for an additional day. Simultaneously, eEPCs were treated ± dibutyl cAMP for two days. On the day of the migration experiment, SMCs were treated with NE (0.5 μg/ml) for 30 min. NE was inhibited by the addition of α1-AT (100 μg/ml). Induced (cAMP treated) or uninduced eEPCs were then plated on transwell inserts at 100,000 cells/insert in serum free media with 1% gelatin and 25 mM HEPES and placed on top of the SMC. In some instances VEGF receptor inhibitor (0.1 nM) was added to SMC for the duration of the co-culture migration. The number of migrated cells was determined as described in the *Cell Migration* section.

Statistical Analysis {#sec011}
--------------------

Statistical significance of data was evaluated using one or two-way analysis of variance (ANOVA) followed by the Tukey's multiple-comparisons test, where appropriate, using GraphPad Prism version 6.0 (San Diego, CA). Differences were considered significant when p values were \< 0.05. Data are presented as the means of replicate samples from a selected experiment ± SE as indicated in the legends to figures. All results were reproduced in at least 4 separate experiments. In some repeat experiments specific conditions were sometimes altered (i.e., cell line passage number, VEGF concentration), yet all key findings were qualitatively the same as those shown in the figures. In instances where only two groups were compared, a student's *t*-test was used to evaluate statistical significance.

Results {#sec012}
=======

Elastase-generated VEGF Fragment Stimulates Macrophage Migration {#sec013}
----------------------------------------------------------------

We have previously reported that NE cleaves VEGF to produce a fragmented form that has altered activity \[[@pone.0145115.ref014], [@pone.0145115.ref015]\]. Interestingly, VEGFf was able to induce Erk1/2 phosphorylation in a macrophage cell line but not in endothelial cells \[[@pone.0145115.ref015]\]. VEGFf stimulated Akt phosphorylation in both cell types suggesting a complex mode of regulation of VEGF through proteolytic processing \[[@pone.0145115.ref015]\]. Chemotaxis is a critical component of wound healing and inflammation, and VEGF has been shown to possess this activity for a variety of cell types including monocytes and endothelial cells. Therefore, we explored the chemotatic activity of VEGF and VEGFf with BAE cells and the macrophage/monocyte RAW 264.7 cell line. BAE cells exhibited increased migration in response to intact VEGF (one-way ANOVA followed by Tukey's *t*-test, p \< 0.001) but showed no response to the same concentration of VEGFf ([Fig 1A](#pone.0145115.g001){ref-type="fig"}). In contrast, RAW 264.7 cells showed significantly enhanced migration to both VEGF and VEGFf ([Fig 1B](#pone.0145115.g001){ref-type="fig"}), as determined by one-way ANOVA and Tukey's *t*-test, p \< 0.0001. The ability of each agent to stimulate RAW 264.7 cell migration was lost upon chemotactic gradient elimination by including VEGF/VEGFf in both (the top and bottom) reservoirs of the transport chamber. Since Akt activation has been demonstrated to be required for VEGF-mediated chemotaxis \[[@pone.0145115.ref029]--[@pone.0145115.ref031]\], the PI3-kinase inhibitor Wortmannin was included in some conditions. Neither VEGF nor VEGFf were able to stimulate RAW 264.7 cell migration in the presence of Wortmannin consistent with the previously defined role of Akt in VEGF-induced migration. As an additional evaluation of VEGF and VEGFf on RAW 264.7 cells we observed that both were able to stimulate cell proliferation to a similar degree ([Fig 1C](#pone.0145115.g001){ref-type="fig"}).

![VEGFf activities on BAE and RAW 264.7 cells.\
*A*: BAE cells were seeded on the upper membrane of transwell cell migration chambers. VEGF or VEGFf (0.23 and 0.45 nM each) were added to the lower chamber. The cells were incubated for 2 h at 37^°^C. Migrated cells were fixed, stained with propidium iodide and images acquired with fluorescent microscope (100 x magnification). Average number of cells migrated ± SE of 12 separate fields were measured in each experiment. Similar results were observed in at least 4 separate experiments. *B*: RAW 264.7 cells were treated with or without ± 250 nM Wortmannin for 24 hr and then seeded in the upper chamber of the transwell migration apparatus (5 μm pore size). VEGF or VEGFf (0.45 nM) were added either only in the lower chamber or in the lower and upper migration chambers. The cells were incubated for 4 h at 37^°^C, and migrated cells were fixed and stained with propidium iodide and images acquired with a fluorescent microscope (100 x magnification). The number of migrated cells were counted in 12 fields per condition and presented as the average ±S.E. *C*: RAW 264.7 cells were seeded at 3000 cells/well in 12-well plates. The next day the media was changed to serum free media ± VEGF/VEGFf (0.12, 0.23, 0.45, and 0.9 nM) and the cells kept for an additional three days at 37^°^C. Cell number was determined with Cy-Quant-NF-cell proliferation kit. Each sample is the average of quadruplicate determinations ± SD. Two-way ANOVA followed by Tukey's multiple *t* tests revealed significant differences between: control vs. 0.45 and 0.9 nM VEGF or VEGFf.](pone.0145115.g001){#pone.0145115.g001}

Elastase Stimulates Macrophage Migration towards VEGF Producing Cells {#sec014}
---------------------------------------------------------------------

The release of NE at sites of inflammation may modulate VEGF bioavailability by degrading VEGF binding sites in the ECM causing release of VEGF, and may also alter VEGF activity by directly cleaving VEGF. Hence, the response to NE-induced damage may be dependent on the specific target cell's responsiveness to VEGF and VEGFf. In order to test these possibilities, we established a co-culture model system using NIH3T3 cells that were engineered to express high levels of VEGF as a source of cell/ECM derived VEGF ([Fig 2A](#pone.0145115.g002){ref-type="fig"}). To verify VEGF synthesis in the engineered NIH3T3 cells we conducted ELISA and qPCR analysis. There was no detectable recombinant human VEGF in the control NIH3T3 cell lysates or media while there was 195±31 pg/ml VEGF in the cell lysates and 694±71 pg/ml VEGF in the media from the VEGF transfected cells (NIH3T3-VEGF). Similarly, qPCR showed \~11-fold greater VEGF mRNA levels in NIH3T3-VEGF cells compared to vector transfected control NIH3T3 cells ([Fig 2B](#pone.0145115.g002){ref-type="fig"}). The NIH3T3 and NIH3T3-VEGF cells were cultured on the bottom surface of the migration chamber and were subjected to mild NE treatment. After inactivation of the NE with α1-antitrypsin, BAE or RAW 264.7 cells were plated into the upper chamber of the apparatus and migration was evaluated.

![Chemotactic activities of endogenously produced VEGF/VEGFf.\
*A*: Schematic representation of co-culture system. *B*: Total RNA was collected from confluent NIH3T3/VEGF cells and relative real time PCR was performed to measure VEGF mRNA expression. Results were calculated using the ΔΔC~T~ method using 18S rRNA as the endogenous control. Each data point is the mean of duplicate samples each measured in triplicate ± SE. *T* test revealed significant difference between NIH3T3 and NIH3T3-VEGF (*P* \< 0.001). *C*: NIH3T3 and NIH3T3-VEGF cells were grown to confluence and treated with NE for 30 minutes at 37^°^C followed by addition of α1-antitrypsin directly to the media. BAE cells ± SU5416 (10 μM) were plated in the top chamber of the transwells (5 μm pore size) and allowed to migrate for 2 h. Migrated cells were fixed, stained with propidium iodide and images acquired with a fluorescent microscope (100 x magnification). The average number of migrated cells ± SE was determined in 12 fields per condition. Two-way ANOVA followed by Tukey's test was performed. \*\*\* = p \< 0.001; \*\*\*\* = p \< 0.0001. *D*: NIH3T3 and NIH3T3-VEGF cells were grown to confluence in the lower chamber of transwells and treated with NE for 30 min at 37^°^C followed by addition of α1-antitrypsin directly to the media. RAW 264.7 cells ± SU5416 (10 μM) were plated in the top chamber of the transwells (5 μm pore size) and allowed to migrate for 3.5 h. Migrated cells were fixed, stained with propidium iodide and images acquired with a fluorescent microscope (100 x magnification). The average number of migrated cells ± SE was determined in 12 fields per condition. Two-way ANOVA followed by Tukey's test was performed. \*\* = p \< 0.01; \*\*\*\* = p \< 0.0001.](pone.0145115.g002){#pone.0145115.g002}

BAE cells showed increased migration towards the NIH3T3-VEGF cells compared to the control NIH3T3 cells. Interestingly, the addition of NE reduced migration of BAE cells in co-culture with NIH3T3 and NIH3T3-VEGF cells. A similar decrease in BAE cell migration was mimicked by the addition of a VEGF receptor tyrosine kinase inhibitor, SU5416, indicating that a significant portion of the migratory response was due to VEGF produced by NIH3T3-VEGF cells and that digestion of intact VEGF to VEGFf by NE is likely responsible for the reduction in BAE cell migration after NE treatment ([Fig 2C](#pone.0145115.g002){ref-type="fig"}). As an important control, we confirmed that BAE cell migration was not altered by the presence of pre-inactivated NE or contaminants present in the NE or α1-antitrypsin preparations.

In contrast to BAE cell response, NE enhanced migration of RAW 264.7 cells in co-culture with VEGF producing cells. The increased activity was related to VEGF/VEGFf released by NE, as addition of the VEGF receptor kinase inhibitor, SU5416, attenuated this response to a large degree. It is also apparent that the number of RAW cells migrating towards NIH3T3-VEGF cells in each condition was higher than towards low VEGF producing cells. However, it is important to note that NE stimulated a small but significant increase in RAW migration when in co-culture with control (non-VEGF expressing) NIH3T3 cells ([Fig 2D](#pone.0145115.g002){ref-type="fig"}). A portion of this response was also related to VEGF/VEGFf released, as shown by the reduction in migration upon VEGFR inhibition, which likely reflects the action of low levels of endogenous VEGF expressed by NIH3T3 cells. As with BAE cells, the effects of NE were not due to side effects of NE or α1-antitrypsin presence, as pre inactivated NE did not alter RAW 264.7 cell migration.

Elastase Stimulates Macrophage Migration to Hypoxic Vascular Smooth Muscle Cells {#sec015}
--------------------------------------------------------------------------------

VEGF mRNA expression is induced by exposure to low oxygen tension under a variety of pathophysiological conditions \[[@pone.0145115.ref032]\]. Thus, we noted that rat aortic smooth muscle cells (SMCs) can be induced to produce high levels of VEGF when grown under hypoxic conditions (1% pO~2~). Quantitative ELISA showed that SMCs placed in hypoxia for 48 hours exhibited a dramatic (10--100 fold) increase in VEGF protein levels (not shown). Moreover, relative RT-PCR showed an increase in VEGF mRNA 24 and 48 h after SMCs were subjected to hypoxia compared to normoxic conditions ([Fig 3A](#pone.0145115.g003){ref-type="fig"}). Thus, this cell culture system provides a means to modulate VEGF levels in a manner that is characteristic of tissue injury.

![Chemotactic activities of hypoxia-induced VEGF and NE-generated VEGFf.\
*A*: SMCs were kept in normoxia or hypoxia (1% pO~2~) for 24 and 48 hours. Total RNA was collected and relative real time PCR was performed to measure VEGF mRNA expression. Results were calculated using the ΔΔC~T~ method using 18S rRNA as the endogenous control. Each data point is the mean of duplicate samples each measured three times ± SE. *T* test revealed significant difference between normoxia and hypoxia (*P* \< 0.001). *B*: SMCs were placed in hypoxia (1% pO~2~) or normoxia for 48 h then treated ± 3 μg/ml NE for 30 minutes and α1-antitrypsin was added directly to the media ± Fc-VEGFR1 chimera (100 ng/ml). BAE cellss were placed into transwells and allowed to migrate for 3.5 h. Migrated cells were fixed, stained with propidium iodide and images acquired with a fluorescent microscope (100 x magnification). The average number of migrated cells ± SE was determined in 12 fields per condition. Two-way ANOVA followed by Tukey's was performed. \* = p \< 0.05; \*\* = p \< 0.01. *C*: SMCs were placed in hypoxia (1% pO~2~) or normoxia for 48 h then treated ± 5 μg/ml NE for 30 minutes and α1-antitrypsin was added directly to the media ± Fc-VEGFR1/2 chimeras (100 ng/ml). RAW264.7 cells were placed into transwells and allowed to migrate for 3.5 h. Migrated cells were fixed, stained with propidium iodide and images acquired with a fluorescent microscope (100 x magnification). The average number of migrated cells ± SE was determined in 12 fields per condition. Two-way ANOVA followed by Tukey's was performed. There was a significant difference between control and each treatment arm under normoxia and hypoxia that is not indicated in the graph. \*\* = p \< 0.01; \* = p \< 0.05.](pone.0145115.g003){#pone.0145115.g003}

We wanted to evaluate whether NE treatment of SMCs grown in hypoxia would modulate BAE cell migration and whether this response is due to VEGF/VEGFf being released. BAE cells showed increased migration toward SMCs that had been subjected to hypoxia compared to control SMCs, and as expected, this migratory response towards hypoxic SMCs was reduced by NE digestion ([Fig 3B](#pone.0145115.g003){ref-type="fig"}). To delineate what fraction of this migratory response was due to VEGF/VEGFf release by NE we took advantage of soluble Fc-VEGFR1/2 chimeras. Fc-VEGFR1 chimera can bind both intact and cleaved VEGF to inhibit receptor activation on cells \[[@pone.0145115.ref014], [@pone.0145115.ref015]\]. Addition of Fc-VEGFR1 chimera to the shared media resulted in a significant drop in BAE cell migration when in co-culture with SMCs grown in hypoxia and caused no change when added to co-cultures maintained under normoxic conditions. Thus, BAE cell migration towards hypoxic SMCs appears, in part, dependent on VEGF, and this response is likely attenuated by NE via the generation of VEGFf.

RAW cell migration in co-culture with SMCs was evaluated. NE treatment enhanced RAW cell migration in co-culture with SMCs grown under both, normoxia and hypoxia, with the response being greater with the cells that had been exposed to hypoxia ([Fig 3C](#pone.0145115.g003){ref-type="fig"}). To delineate the fraction of this migratory response that was due to VEGF/VEGFf release by NE we took advantage of soluble Fc-VEGFR1/2 chimeras. Based on our previous study, the Fc-VEGFR1 chimera is able to bind VEGF and VEGFf whereas Fc-VEGFR2 is only able to bind VEGF but not VEGFf. Thus, these reagents can be used to distinguish between the role of VEGF and VEGFf. NE-stimulated RAW cell migration to hypoxic SMCs was reduced by the Fc-VEGFR1 chimera while the same chimera had no effect on RAW cell migration with normoxic SMCs. Thus, a fraction of the migratory response to hypoxic SMCs is likely due to VEGFf release, whereas the NE-induced migration of RAW cells with normoxic SMCs appears to involve factors other than VEGF. Addition of Fc-VEGFR2 along with NE did not reduced NE-stimulated RAW cell migration with hypoxic or normoxic SMCs, suggesting that there is little intact VEGF released. These results indicate that RAW cells migrate towards a NE-generated VEGFf released from hypoxic SMCs.

NE-generated VEGFf acts as a chemotactic factor for endothelial progenitor cells {#sec016}
--------------------------------------------------------------------------------

The identification of putative bone marrow-derived circulating endothelial progenitor cells from human peripheral blood challenged the notion of angiogenesis as the exclusive mechanism responsible for new blood vessel formation in postnatal life and re-introduced the concept whereby progenitor cells differentiate into mature endothelial cells and contribute to postnatal neovascularization \[[@pone.0145115.ref033]--[@pone.0145115.ref035]\]. While there remains dispute over the relative role of EPCs in angiogenesis, this is a topic of active research \[[@pone.0145115.ref036], [@pone.0145115.ref037]\]. Assessing EPC activity is important in light of the possibility that these cells can home in on injured areas and differentiate into endothelial cells, assisting in vascular repair and in the formation of new blood capillaries. However, the response to vascular injury is a complex process involving a series of events such as the recruitment of inflammatory cells, changes to SMC phenotype and ECM production, EPC recruitment and maturation, and endothelial repair.

In order to examine VEGFf activities on progenitor cell migration, we used a stable mouse embryonic endothelial progenitor cell (eEPC) line \[[@pone.0145115.ref027], [@pone.0145115.ref038], [@pone.0145115.ref039]\]. This cell line is useful as it can be reproducibly induced to undergo endothelial differentiation by the addition of dibutyl cAMP. Under these conditions a dramatic shift in VEGF receptor expression, as indicated by a reduction in VEGFR1 and increase in VEGFR2 mRNA levels, was noted as the cells mature from progenitor to endothelial cells ([Fig 4A](#pone.0145115.g004){ref-type="fig"}). Perlecan, a major proteoglycan produced by a variety of cells including endothelial cells, was used as a control, and the levels remained unchanged. Thus, we investigated if responsiveness to VEGF and VEGFf varied as these cells differentiate. Embryonic EPCs were induced to differentiate with dibutyl cAMP or maintained in the progenitor state for 48 h prior to stimulation with VEGF and VEGFf. Uninduced eEPCs showed enhanced migration in response to VEGFf compared to VEGF. However, when these cells were induced to mature with dibutyl cAMP the response to VEGFf was selectively eliminated and the cells responded in a manner that was qualitatively similar to that of endothelial cells ([Fig 4B](#pone.0145115.g004){ref-type="fig"}).

![VEGFf effect on eEPC migration.\
*A*: Total RNA was collected from confluent eEPCs ± db cAMP and relative real time PCR was performed to measure VEGFR1, VEGFR2 and perlecan mRNA expression. Results were calculated using the ΔΔC~T~ method using 18S rRNA as the endogenous control. *B*: eEPC ± db cAMP were plated into transwell chambers (8 μm pore size) and VEGF or VEGFf (0.23 nM) were included in the lower chamber. Cells were allowed to migrate for 6 h; migrated cells were fixed, stained with propidium iodide, and images acquired with a fluorescent microscope (100 x magnification). The average number of migrated cells ± SE was determined in 12 fields per condition. Two-way ANOVA followed by Tukey's was performed. \* = p \< 0.05; \*\* = p \< 0.01; \*\*\*\* = p \< 0.0001.](pone.0145115.g004){#pone.0145115.g004}

To determine whether this migratory response is indicative of an endogenous process whereby VEGF-laden cells/ECM can provide eEPC stimulation, we performed co-culture experiments using SMCs as the VEGF source. SMCs were subjected to 48 h hypoxia or normoxia pretreatment prior to conducting eEPC migration experiments. Before eEPC addition to the co-cultures, SMCs were subjected to NE pretreatment for 30 min in order to release VEGF/VEGFf from the SMC-ECM. As can be observed in [Fig 5](#pone.0145115.g005){ref-type="fig"}, NE stimulated the migration of uninduced eEPCs, and this activity was more pronounced with hypoxic SMCs. This effect was significantly reduced by inhibition of VEGF receptors on eEPCs with SU5416 (data not shown). As predicted from the experiments described above with purified VEGF/VEGFf, the stimulatory effect of NE was attenuated in eEPCs that were induced to differentiate with dibutyl cAMP.

![eEPC migration in co-culture with SMC ± hypoxia.\
SMCs were placed in hypoxia (1% pO~2~) or normoxia for 48 h then treated ± 0.5 μg/ml NE for 30 minutes and α1-antitrypsin was added to inhibit NE. eEPCs (± db cAMP for 48 h) were placed into transwells (8 μm) and allowed to migrate for 3 h. Migrated cells were fixed, stained with propidium iodide and images acquired with a fluorescent microscope (100 x magnification). The average number of migrated cells ± SE was determined in 12 fields per condition; \*\*\* = p \< 0.001; \*\*\*\* = p \< 0.0001.](pone.0145115.g005){#pone.0145115.g005}

Discussion {#sec017}
==========

In the present study we examined the migratory response of BAE cells, RAW 264.7 macrophages/monocytes as well as embryonic endothelial progenitor cells in co-culture with high and low VEGF producing cells with or without NE treatment. We observed that NE stimulated RAW 264.7 macrophage migration most likely by generating VEGFf from NIH3T3 cell matrices. Interestingly, BAE cells migrated towards high VEGF producing cells when in the absence of NE, and this response was mediated by VEGF. NE treatment reduced BAE cell migration, likely due to VEGF degradation to VEGFf, to which BAE cells do not respond. Similar results were obtained using co-cultures of RAW 264.7 or BAE cells with SMCs subjected to hypoxia treatment. Finally, we showed that endothelial progenitor cells migrated towards SMCs pre-conditioned in hypoxia, and the effect was increased with NE treatment. The migratory effect was reduced upon stimulation of eEPC maturation to endothelial-like cells. We were able to simulate proteolytic tissue injury in this co-culture system and explore the potential contribution of ECM-resident growth factors to the recruitment of various cells.

It is established that angiogenesis and neovascularization are both necessary for normal vascular tissue function and repair after injury. However, one of the first steps in blood vessel growth is the degradation of the sub endothelial basement membrane and the surrounding ECM. Therefore, proteolytic degradation is an integral part of neovascularization. Importantly, proteinases can switch on angiogenesis by liberating matrix-bound angiogenic activators and proteolytically activating angiogenic chemokines \[[@pone.0145115.ref040]--[@pone.0145115.ref042]\]. Bearing in mind the critical role of the ECM in vessel growth and maintenance, it is understandable that proteolytic remodeling of the ECM must occur in a controlled fashion. Here we show evidence that proteolytic injury by NE might contribute to the recruitment of critical cell types involved in vascular tissue repair. As such, the extent of the proteolytic injury would be predicted to lead to either endothelial tissue repair (e.g. intact VEGF release from ECM that can contribute to endothelial cell migration and survival as well as EPC recruitment) or to the propagation of the inflammatory response (monocyte recruitment) and excessive proteolytic tissue degradation.

Inflamed or injured tissue is often hypoxic and can induce angiogenesis through upregulation of factors such as VEGF among other regulators of angiogenesis. The regulation of angiogenesis and endothelial repair is probably crucial to proper healing, although it remains poorly understood. In our co-culture studies, SMCs grown under hypoxic conditions showed a dramatic increase in VEGF expression. Exposure of SMCs to hypoxia led to enhanced migration of co-cultured endothelial cells. Treating SMCs with NE resulted in increased migration of co-cultured macrophages, but a drop in endothelial cell migration. These results support the notion that VEGF is an important mediator of vascular remodeling in inflamed tissues, contributing to both endothelial cell migration and proliferation, and the propagation of the inflammatory response.

Studies have reported the presence of endothelial progenitor cells in the endothelial surfaces and the intimal regions of pulmonary arteries of patients with COPD \[[@pone.0145115.ref043]\]. Interestingly, the number of progenitor cells was associated with the response to hypoxic stimulus and with the enlargement of the arterial wall. Consequently, we were able to show that endothelial progenitor cells were able to migrate towards hypoxic cells (co-culture experiments with SMCs grown in hypoxia). Neutrophil elastase treatment of SMCs pre-conditioned in hypoxia led to additional increase in progenitor cell migration. Taken together, these studies suggest that the progenitor cells might be recruited to injured and hypoxic tissue where they may contribute to endothelial repair and vessel remodeling through VEGF-related signals.

In this study, we report that NE-mediated digestion of ECM appears to release both fragmented and intact VEGF through the action of NE directly on VEGF and indirectly on VEGF-binding sites (e.g., heparan sulfate proteoglycans \[[@pone.0145115.ref044], [@pone.0145115.ref045]\]). It is possible that, under certain conditions, VEGFf may function to enhance the activity of VEGF on endothelial cells by occupying decoy VEGFR1 on endothelial cells thus enhancing the association of intact VEGF with VEGFR2. Indeed, we have previously found that the presence of VEGFf can enhance the activity of intact VEGF on endothelial cells when present at the proper ratio \[[@pone.0145115.ref014]\]. Under the conditions used in this study we did not observe enhancing activity of VEGFf, likely because the NE concentrations used were high enough to significantly reduce intact VEGF levels. Since VEGFf does not bind to the major VEGF-binding sites in the ECM \[[@pone.0145115.ref014]\], release of VEGFf would be expected to lead to enhance diffusion to distant sites where it might recruit macrophages and progenitor cells to the site of injury ([Fig 6](#pone.0145115.g006){ref-type="fig"}) \[[@pone.0145115.ref014]\]. However, chronic or excessive elastolysis might lead to complete conversion of VEGF to VEGFf, with the concomitant loss of critical endothelial activities and consequently, excessive inflammatory cell activation. A more complete understanding of the role of VEGF within proteolytically injured regions will need to consider the possible function of proteolytic fragments of VEGF.

![Schematic representation of elastase-mediated VEGFf generation, release and recruitment of circulating cells to the injured tissue.\
VEGF is stored in the extracellular matrix (ECM). Neutrophils are the first innate immune cells to be recruited to the site of injury and secrete proteases (e.g. neutrophil elastase). Neutrophil elastase is able to modulate VEGF dynamics within ECM by degrading fibronectin (FN) and heparan sulfate proteoglycan (HSPGs) binding sites in the ECM as well as by directly cleaving VEGF and releasing VEGFf to act on surrounding cells \[[@pone.0145115.ref014], [@pone.0145115.ref015]\]. The extent of proteolytic injury would dictate the ratio of intact and cleaved VEGF being released. As such, endothelial tissue repair would be promoted through VEGF/VEGFf acting on neighboring endothelial cells and circulating endothelial progenitor cells, promoting neo/angiogenesis. In the event of extensive proteolytic injury, the majority of released VEGF might be the more diffusible VEGFf, preferentially binding to VEGFR1 on macrophage/monocytic cells, leading to their recruitment, propagation of the inflammatory response and excessive proteolytic tissue degradation. This schematic representation is simplified and is not intended to exclude the possibility that other proteases (e.g., MMPs) may also influence VEGF release during tissue injury and inflammation.](pone.0145115.g006){#pone.0145115.g006}
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